In the intermittent machining of hardened steel for the die and mold industry, determining how to reduce the wear of PCBN (Polycrystalline Cubic Boron Nitride) tools and improve their machining efficiency and quality is an important subject. This study investigated the intermittent machining of hardened steel (Cr12MoV, 59HRC (Rockwell hardness)) using uncoated PCBN tools to determine the cutting performance (cutting force, chip morphology, surface quality, tool life, cutting temperature) and the wear/damage characteristics of the tools. The results showed that the cutting performance of a PCBN tool was better than that of a cemented carbide tool. The wear mechanism on the PCBN tool flank was diffusion wear, adhesive wear, and oxidation wear. The main failure modes of the PCBN tool in the machining process of hardened steel at low speed were tool micro-chipping, the conchoidal damage of the rake face, and the larger damaged area of the flank face. The main failure modes of the PCBN tool in the machining process of hardened steel at high speed were flank wear and high-rate fatigue damage.
Introduction
PCBN is a cutting tool material most widely used in the machining of hardened steel due to its higher hardness, strength, thermal and chemical stability, and thermal conductivity, and lower friction coefficient than other tool materials at high temperature [1] [2] [3] . Cutting performance and wear characteristics of PCBN tools were extensively studied in the hardened-steel cutting process.
During continuous and intermittent turning, the cutting performance and wear mechanism of PCBN tools were extensively studied. The cutting performance of PCBN tools with different CBN (Cubic Boron Nitride) content was investigated [4] . It was found that PCBN tools with low CBN content had better cutting performance than that of PCBN with high CBN content. The influence of chamfering angle on the cutting performance of PCBN tools was investigated [5] [6] [7] . It was found that the chamfering angle could effectively reduce cutting force, flank wear, and white layer thickness. Özel et al. [8] investigated the cutting performance of PCBN tools with variable micro-geometry in hard turning AISI4340 steel. It was found that the variable micro-geometry PCBN tool could effectively reduce cutting heat, plastic deformation of workpiece, and tool wear. The effect of the microstructure of hardened steel on the PCBN tool wear was investigated [9, 10] . In addition, the effects of new tool materials [11] and high-pressure cooling technology [12] on the cutting performance of PCBN tools were studied. The main wear mechanism of PCBN tools in continuous and intermittent cutting of hardened steel (1117 steel, HRC62+1) was abrasive wear [13] . The main wear mechanism of PCBN tools in intermittent turning of bearing steel (AISIE-52100, HRC60) was abrasive wear and adhesion wear [14] . The main wear mechanism of PCBN tools in continuous and intermittent cutting
Experimental Set-Up

Experimental Conditions
The hardened die steel material used in the experiment was Cr12MoV. The workpiece was 120 × 70 × 70 mm. The work material was hardened and tempered to 59 HRC. The chemical compositions of the die steel are shown in Table 1 . The physical properties of the die steel are shown in Table 2 . The cutter used in the experiment was the ball-type-head clamping milling cutter. The cemented carbide tool was BNM-200 JC5015 (Daijie Company, Osaka, Japan, 2018) with a diameter of 20 mm. The coating film material of the cemented carbide tool was TiAlN. Physical properties of coating film materials for cemented carbide tool are shown in Table 3 [21] . Physical properties of base materials (K10, Co content 6%, WC (Wolfram Carbide) grain size 2 µm) are shown in Table 4 . The uncoated PCBN tool used in the experiment was DCC500 (Element Six Company, Didcot, Britain, 2018) with a diameter of 20 mm. PCBN tools were composed of a CBN content of 45%, a TiC bonding agent, and a grain size of 1.5 µm. The geometric parameters of the two cutters were rake angle 0 • , clearance angle 13 • , chamfer width 0.1 mm, and chamfer angle 15 • . The cutting mode was down milling. The tool used in the experiment is shown in Figure 1 . The experiment was carried out on a three-axis machining center with the model VDL-1000E (Dalian machine tool group, Dalian, Liaoning, China, 2005) . The experimental site is shown in Figure 2 . Table 3 . Physical properties of the coating film materials. a grain size of 1.5 um. The geometric parameters of the two cutters were rake angle 0°, clearance angle 13°, chamfer width 0.1 mm, and chamfer angle 15°. The cutting mode was down milling. The tool used in the experiment is shown in Figure 1 . The experiment was carried out on a three-axis machining center with the model VDL-1000E (Dalian machine tool group, Dalian, Liaoning, China, 2005). The experimental site is shown in Figure 2 .
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Experimental Scheme
The experimental scheme for exploring the cutting performance of the PCBN tool and cemented carbide tool is shown in Table 5 . The force in the cutting process was measured using a three-way piezoelectric dynamometer 9257B (Swiss KISTLER company, Winterthur, Switzerland, 2015). The free surface morphology of the chip was observed by SEM with SUPRA 55 (Karl Zeiss, Oberkochen, Germany, 2018). The macroscopic morphology of the chip and the tool wear state were observed using a super-deep-scene three-dimensional (3D) microscope with VHX-1000 (KEYENCE, Osaka, Japan, 2009). A portable surface roughness measuring instrument was used to measure the roughness of the machined surfaces of two kinds of cutters at the same distance. For cemented carbide tools, the cutting lengths of each cutting parameter in test 1 were 16,720 mm, 27,600 mm 76,000 mm, and 33,600 mm. For PCBN tools, the cutting lengths of each cutting parameter in test 1 were 400 mm, 33,840 mm, 98,400 mm, and 154,560 mm. The cutting length of each cutting parameter in test 4 was 20,000 mm. The cutting length of each cutting parameter in other tests was 1200 mm. 
Experimental Analysis
Milling Force
Thermal load and mechanics loads affect tool life and machined surface integrity. Because of the characteristics of milling, it is difficult to measure the cutting heat, but the cutting force can be easily obtained. Therefore, the cutting force measured by experiment was selected to evaluate the cutting performance of the tool.
(1) Cutting Speed (Test 1) The influence of cutting speed on the cutting force of the two kinds of cutting tools is shown in Figure 3 .
Experimental Scheme
Experimental Analysis
Milling Force
(1) Cutting Speed (Test 1) The influence of cutting speed on the cutting force of the two kinds of cutting tools is shown in Figure 3 . When the cutting speed exceeded 150 m/min, the cutting force increased rapidly for the cemented carbide tool (BNM-200). The main reason was that, when the cutting speed was high, the cutting temperature rose rapidly. The cemented carbide tool cannot withstand high temperature, which results in a large degree of wear and even edge chipping. With the increase of cutting speed, the cutting performance of PCBN tools (DCC500) can be better reflected. The cutting force in three directions decreased gradually with the increase of cutting speed. The reason was that, with the increase of cutting speed, the temperature of the cutter-chip contact area increased, which made the workpiece material produce a thermal softening effect.
(2) Feed per Tooth (Test 2) The influence of feed per tooth on the cutting force of the two kinds of cutting tools is shown in Figure 4 . The cutting force of the two cutters increased with the increase of feed per tooth. The reason was that the metal removal rate increased with the increase of feed per tooth. The cutting force of the PCBN tool (DCC500) was less than that of the carbide tool (BNM-200). When the cutting speed exceeded 150 m/min, the cutting force increased rapidly for the cemented carbide tool (BNM-200). The main reason was that, when the cutting speed was high, the cutting temperature rose rapidly. The cemented carbide tool cannot withstand high temperature, which results in a large degree of wear and even edge chipping. With the increase of cutting speed, the cutting performance of PCBN tools (DCC500) can be better reflected. The cutting force in three directions decreased gradually with the increase of cutting speed. The reason was that, with the increase of cutting speed, the temperature of the cutter-chip contact area increased, which made the workpiece material produce a thermal softening effect.
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2) Feed per Tooth (Test 2)
The influence of feed per tooth on the cutting force of the two kinds of cutting tools is shown in Figure 4 . The cutting force of the two cutters increased with the increase of feed per tooth. The reason was that the metal removal rate increased with the increase of feed per tooth. The cutting force of the PCBN tool (DCC500) was less than that of the carbide tool (BNM-200). When the cutting speed exceeded 150 m/min, the cutting force increased rapidly for the cemented carbide tool (BNM-200). The main reason was that, when the cutting speed was high, the cutting temperature rose rapidly. The cemented carbide tool cannot withstand high temperature, which results in a large degree of wear and even edge chipping. With the increase of cutting speed, the cutting performance of PCBN tools (DCC500) can be better reflected. The cutting force in three directions decreased gradually with the increase of cutting speed. The reason was that, with the increase of cutting speed, the temperature of the cutter-chip contact area increased, which made the workpiece material produce a thermal softening effect.
The influence of feed per tooth on the cutting force of the two kinds of cutting tools is shown in Figure 4 . The cutting force of the two cutters increased with the increase of feed per tooth. The reason was that the metal removal rate increased with the increase of feed per tooth. The cutting force of the PCBN tool (DCC500) was less than that of the carbide tool (BNM-200). The influence of axial depth of cut on the cutting force of the two kinds of cutting tools is shown in Figure 5 . The cutting force of the two cutters increased with the increase of axial depth of cut. The reason was that the metal removal rate increased with the increase of axial depth of cut. Compared with cemented carbide cutting tools (BNM-200), PCBN cutting tools (DCC500) had a gentle trend of change in cutting force and higher stability. The influence of axial depth of cut on the cutting force of the two kinds of cutting tools is shown in Figure 5 . The cutting force of the two cutters increased with the increase of axial depth of cut. The reason was that the metal removal rate increased with the increase of axial depth of cut. Compared with cemented carbide cutting tools (BNM-200), PCBN cutting tools (DCC500) had a gentle trend of change in cutting force and higher stability. In total, the cutting force of the PCBN tool was less than that of the cemented carbide tool under the same cutting conditions. The reason was that the friction coefficient between the cemented carbide tool and the workpiece was larger than that of the PCBN tool [19, 20] .
Surface Quality
The surface topography of hardened steel with the carbide tool and PCBN tool under the same cutting parameters (Test 4) is shown in Figure 6 . The surface texture of the workpiece machined by the PCBN tool was clear, and the ridge and the scallop of the surface texture caused by the feed rate were relatively low. Therefore, better surface topography could be obtained by machining hardened steel with the PCBN cutter. In total, the cutting force of the PCBN tool was less than that of the cemented carbide tool under the same cutting conditions. The reason was that the friction coefficient between the cemented carbide tool and the workpiece was larger than that of the PCBN tool [19, 20] .
The surface topography of hardened steel with the carbide tool and PCBN tool under the same cutting parameters (Test 4) is shown in Figure 6 . The surface texture of the workpiece machined by the PCBN tool was clear, and the ridge and the scallop of the surface texture caused by the feed rate were relatively low. Therefore, better surface topography could be obtained by machining hardened steel with the PCBN cutter. The influence of axial depth of cut on the cutting force of the two kinds of cutting tools is shown in Figure 5 . The cutting force of the two cutters increased with the increase of axial depth of cut. The reason was that the metal removal rate increased with the increase of axial depth of cut. Compared with cemented carbide cutting tools (BNM-200), PCBN cutting tools (DCC500) had a gentle trend of change in cutting force and higher stability. In total, the cutting force of the PCBN tool was less than that of the cemented carbide tool under the same cutting conditions. The reason was that the friction coefficient between the cemented carbide tool and the workpiece was larger than that of the PCBN tool [19, 20] .
The surface topography of hardened steel with the carbide tool and PCBN tool under the same cutting parameters (Test 4) is shown in Figure 6 . The surface texture of the workpiece machined by the PCBN tool was clear, and the ridge and the scallop of the surface texture caused by the feed rate were relatively low. Therefore, better surface topography could be obtained by machining hardened steel with the PCBN cutter. The new PCBN tool and carbide tool were selected to cut the workpiece. The total cutting distance was 20,000 mm (the tool flank wear was less than 0.10 mm). Surface roughness was measured once every 2500 mm. Five different positions were selected for each measurement, and the average value of five surface roughness values was taken as the final result. The surface roughness values obtained at the same cutting distance are shown in Figure 7 . The new PCBN tool and carbide tool were selected to cut the workpiece. The total cutting distance was 20,000 mm (the tool flank wear was less than 0.10 mm). Surface roughness was measured once every 2500 mm. Five different positions were selected for each measurement, and the average value of five surface roughness values was taken as the final result. The surface roughness values obtained at the same cutting distance are shown in Figure 7 .
(a) (b) It was found that the surface quality of hardened steel machined by the cemented carbide tool was significantly higher than that machined by the PCBN tool. The surface roughness of hardened steel obtained by the carbide tool finishing was between 0.71 um and 2.19 um. The surface roughness of hardened steel obtained by the PCBN tool finishing was between 0.21 um and 0.55 um. The reasons for the difference in surface roughness were as follows: (1) the friction coefficient of the PCBN tool was relatively small; (2) the wear of the PCBN tool was relatively small with the processing.
Tool Life
The wear morphology and the wear rate of tool flank face at each cutting period were observed using a super-deep-scene 3D microscope. The wear curves of the PCBN tool and cemented carbide tool were obtained as shown in Figure 8 .
When the cutting speed was 350 m/min and the cutting time was 60 min, the cemented carbide tool appeared damaged (as shown in Figure 8a ). The reason was that the Co binder cannot withstand high temperature at high speed [27] . When the cutting speed was 150 m/min and 250 m/min, the cutting time before the cemented carbide tool reached the wear standard was significantly shorter than that of the PCBN tool. When the cutting speed was 50 m/min, the cutting performance of the cemented carbide tool was better than that of the PCBN tool. When the cutting speed was more than 150 m/min, the cutting performance of the PCBN tool was obviously higher than that of the cemented carbide tool. When the cutting speed was 50 m/min, the PCBN tool appeared damaged after 5 min of machining, as shown in Figure 8b . It was found that the surface quality of hardened steel machined by the cemented carbide tool was significantly higher than that machined by the PCBN tool. The surface roughness of hardened steel obtained by the carbide tool finishing was between 0.71 µm and 2.19 µm. The surface roughness of hardened steel obtained by the PCBN tool finishing was between 0.21 µm and 0.55 µm. The reasons for the difference in surface roughness were as follows: (1) the friction coefficient of the PCBN tool was relatively small; (2) the wear of the PCBN tool was relatively small with the processing.
The wear morphology and the wear rate of tool flank face at each cutting period were observed using a super-deep-scene 3D microscope. The wear curves of the PCBN tool and cemented carbide tool were obtained as shown in Figure 8 . Therefore, it was found that 150 m/min was the critical point for the PCBN tool and cemented carbide tool for intermittent machining of hardened steel. When the cutting speed was greater than 150 m/min, the performance of the PCBN tool was better than that of the cemented carbide tool; however, when the cutting speed was less than 150 m/min, the conclusion was just the opposite.
Chip Formation
The friction and thermal conductivity between the tool and the chip are different due to the When the cutting speed was 350 m/min and the cutting time was 60 min, the cemented carbide tool appeared damaged (as shown in Figure 8a ). The reason was that the Co binder cannot withstand high temperature at high speed [27] . When the cutting speed was 150 m/min and 250 m/min, the cutting time before the cemented carbide tool reached the wear standard was significantly shorter than that of the PCBN tool. When the cutting speed was 50 m/min, the cutting performance of the cemented carbide tool was better than that of the PCBN tool. When the cutting speed was more than 150 m/min, the cutting performance of the PCBN tool was obviously higher than that of the cemented carbide tool. When the cutting speed was 50 m/min, the PCBN tool appeared damaged after 5 min of machining, as shown in Figure 8b .
Therefore, it was found that 150 m/min was the critical point for the PCBN tool and cemented carbide tool for intermittent machining of hardened steel. When the cutting speed was greater than 150 m/min, the performance of the PCBN tool was better than that of the cemented carbide tool; however, when the cutting speed was less than 150 m/min, the conclusion was just the opposite.
The friction and thermal conductivity between the tool and the chip are different due to the different tool materials in the process of high-speed milling of hardened steel, which leads to a difference of the contact surface between the chip and the tool. Because the majority of the heat generated during cutting is carried away by the chips, the high-temperature chips would react with oxygen in the air and produce temper colors of the chips. Therefore, chip color can be a characteristic indicator of cutting temperature [28] [29] [30] . The color of the chips can reflect the cutting temperature. The deeper the chip color is, the higher the cutting temperature was [30] . The chip temperature of the PCBN tool and carbide tool for the intermittent machining of hardened steel is shown in Figure 9 . The overall temperature of chips was higher during the intermittent machining of hardened steel with the cemented carbide tool, and the contact surface between the tool and chips was rough. Therefore, it was found that 150 m/min was the critical point for the PCBN tool and cemented carbide tool for intermittent machining of hardened steel. When the cutting speed was greater than 150 m/min, the performance of the PCBN tool was better than that of the cemented carbide tool; however, when the cutting speed was less than 150 m/min, the conclusion was just the opposite.
The friction and thermal conductivity between the tool and the chip are different due to the different tool materials in the process of high-speed milling of hardened steel, which leads to a difference of the contact surface between the chip and the tool. Because the majority of the heat generated during cutting is carried away by the chips, the high-temperature chips would react with oxygen in the air and produce temper colors of the chips. Therefore, chip color can be a characteristic indicator of cutting temperature [28] [29] [30] . The color of the chips can reflect the cutting temperature. The deeper the chip color is, the higher the cutting temperature was [30] . The chip temperature of the PCBN tool and carbide tool for the intermittent machining of hardened steel is shown in Figure 9 . The overall temperature of chips was higher during the intermittent machining of hardened steel with the cemented carbide tool, and the contact surface between the tool and chips was rough. When the PCBN tool was used to machine hardened steel, the cutting temperature was higher at the smaller chip thickness. The reason was that the action mechanism between the cutter and the workpiece was mainly ploughing and extrusion in the place where the chip thickness was small. Because the size of chip section was small, the excessive heat generated by ploughing and extrusion could not be discharged in time and, thus, the chip color was deepened. When the cutting thickness was large, the cutting heat was mainly caused by the shear action and the friction between the cutter and the chip. When the PCBN tool was used to machine hardened steel, the cutting temperature was higher at the smaller chip thickness. The reason was that the action mechanism between the cutter and the workpiece was mainly ploughing and extrusion in the place where the chip thickness was small. Because the size of chip section was small, the excessive heat generated by ploughing and extrusion could not be discharged in time and, thus, the chip color was deepened. When the cutting thickness was large, the cutting heat was mainly caused by the shear action and the friction between the cutter and the chip.
The microscopic characteristics of the chips of two tools under the same cutting conditions are shown in Figure 10 . It was found that the chip contact surface of the PCBN cutter was smoother than that of the carbide cutter. The reason was that the PCBN tool had a smaller friction coefficient, which decreased the friction between the tool and chip. There were pits in the middle of the chip contact surface machined by the PCBN tool. The chip contact surface processed by the carbide cutter involved mainly parallel scratches.
The microscopic characteristics of the chips of two tools under the same cutting conditions are shown in Figure 10 . It was found that the chip contact surface of the PCBN cutter was smoother than that of the carbide cutter. The reason was that the PCBN tool had a smaller friction coefficient, which decreased the friction between the tool and chip. There were pits in the middle of the chip contact surface machined by the PCBN tool. The chip contact surface processed by the carbide cutter involved mainly parallel scratches. The free surface topologies of the chips processed by the two tools are shown in Figure 11 . Pc represents the sawtooth pitch of chip. The sawtooth degree and the sawtooth pitch of chip machined by the PCBN tool were higher than those of the carbide cutting tool. The reason was that the larger flow velocity of the chip in the process using the PCBN cutting tool led to a stronger separation trend in the process of sawtooth chip formation, which further led to the increase of sawtooth pitch. The free surface morphology of the chip processed by the PCBN cutter with different cutting speeds is shown in Figure 12 . It was found that the sawtooth pitch of the chip (Pc) increased with the increase in cutting speed. The reason was that the increase in cutting speed made the shear slip more easily during chip formation, which led to the increase of sawtooth degree. The free surface topologies of the chips processed by the two tools are shown in Figure 11 . Pc represents the sawtooth pitch of chip. The sawtooth degree and the sawtooth pitch of chip machined by the PCBN tool were higher than those of the carbide cutting tool. The reason was that the larger flow velocity of the chip in the process using the PCBN cutting tool led to a stronger separation trend in the process of sawtooth chip formation, which further led to the increase of sawtooth pitch.
The The free surface topologies of the chips processed by the two tools are shown in Figure 11 . Pc represents the sawtooth pitch of chip. The sawtooth degree and the sawtooth pitch of chip machined by the PCBN tool were higher than those of the carbide cutting tool. The reason was that the larger flow velocity of the chip in the process using the PCBN cutting tool led to a stronger separation trend in the process of sawtooth chip formation, which further led to the increase of sawtooth pitch. The free surface morphology of the chip processed by the PCBN cutter with different cutting speeds is shown in Figure 12 . It was found that the sawtooth pitch of the chip (Pc) increased with the increase in cutting speed. The reason was that the increase in cutting speed made the shear slip more easily during chip formation, which led to the increase of sawtooth degree. The free surface morphology of the chip processed by the PCBN cutter with different cutting speeds is shown in Figure 12 . It was found that the sawtooth pitch of the chip (Pc) increased with the increase in cutting speed. The reason was that the increase in cutting speed made the shear slip more easily during chip formation, which led to the increase of sawtooth degree.
shown in Figure 10 . The free surface topologies of the chips processed by the two tools are shown in Figure 11 . Pc represents the sawtooth pitch of chip. The sawtooth degree and the sawtooth pitch of chip machined by the PCBN tool were higher than those of the carbide cutting tool. The reason was that the larger flow velocity of the chip in the process using the PCBN cutting tool led to a stronger separation trend in the process of sawtooth chip formation, which further led to the increase of sawtooth pitch. The free surface morphology of the chip processed by the PCBN cutter with different cutting speeds is shown in Figure 12 . It was found that the sawtooth pitch of the chip (Pc) increased with the increase in cutting speed. The reason was that the increase in cutting speed made the shear slip more easily during chip formation, which led to the increase of sawtooth degree. 
Flank Wear
(1) Oxidation Wear During the intermittent machining of hardened steel, at a certain temperature, some elements in the tool material reacted with O in the air, which accelerated the tool wear. The wear morphology and element analysis results of the PCBN tool flank are shown in Figure 13 . Element analysis results for unworn area A and worn area B are shown in Figure 13c ,d. Compared with the elemental analysis at A, the content of oxygen at B was significantly increased. It could be seen from Figure 13b that a concave shape was present for the CBN grains, resulting from possible oxidation of boron nitride into B2O3. Therefore, oxidation wear occurred during the intermittent machining of hardened steel.
(2) Diffusion Wear During the cutting process, under certain conditions, certain elements may spread from one region to another, thereby causing diffusion wear. Diffusion wear can cause the chemical composition of the tool, thus weakening the tool cutting performance. Figure 14 shows the change law of element contents from the unworn area (A) to the worn area (B). 
(2) Diffusion Wear During the cutting process, under certain conditions, certain elements may spread from one region to another, thereby causing diffusion wear. Diffusion wear can cause the chemical composition of the tool, thus weakening the tool cutting performance. Figure 14 shows the change law of element contents from the unworn area (A) to the worn area (B). (2) Diffusion Wear During the cutting process, under certain conditions, certain elements may spread from one region to another, thereby causing diffusion wear. Diffusion wear can cause the chemical composition of the tool, thus weakening the tool cutting performance. Figure 14 shows the change law of element contents from the unworn area (A) to the worn area (B). It could be seen from Figure 14b that the contents of iron and chromium were significantly increased, which indicated that iron and chromium diffused from the workpiece material to the cutting tool. Therefore, diffusion wear occurred during the intermittent machining of hardened steel.
(3) Adhesive Wear In the high-speed milling of hardened steel, due to the high temperature and pressure between the chip and the flank face, chips were observed to adhere to the cutting edge easily, and chip and tool welding clearly occurred, as shown in Figure 15a . Chips on the cutting edge were introduced into the processing region and rubbed or collided with the workpiece surface before eventually falling off. When chips fell off, adhesive wear of the tool occurred. Elemental analysis was performed at point A, and the results are shown in Figure 15b . It was found that iron and chromium were detected on the top and bottom surfaces of the chips. Therefore, the wear mechanism of the PCBN tool included adhesive wear. It could be seen from Figure 14b that the contents of iron and chromium were significantly increased, which indicated that iron and chromium diffused from the workpiece material to the cutting tool. Therefore, diffusion wear occurred during the intermittent machining of hardened steel.
(3) Adhesive Wear In the high-speed milling of hardened steel, due to the high temperature and pressure between the chip and the flank face, chips were observed to adhere to the cutting edge easily, and chip and tool welding clearly occurred, as shown in Figure 15a . Chips on the cutting edge were introduced into the processing region and rubbed or collided with the workpiece surface before eventually falling off. When chips fell off, adhesive wear of the tool occurred. Elemental analysis was performed at point A, and the results are shown in Figure 15b . It was found that iron and chromium were detected on the top and bottom surfaces of the chips. Therefore, the wear mechanism of the PCBN tool included adhesive wear.
In total, a combination of oxidation wear, adhesive wear, and diffusion wear was believed to control the flank wear of the PCBN cutting tool.
tool welding clearly occurred, as shown in Figure 15a . Chips on the cutting edge were introduced into the processing region and rubbed or collided with the workpiece surface before eventually falling off. When chips fell off, adhesive wear of the tool occurred. Elemental analysis was performed at point A, and the results are shown in Figure 15b . It was found that iron and chromium were detected on the top and bottom surfaces of the chips. Therefore, the wear mechanism of the PCBN tool included adhesive wear. 
Tool Damage
There are three types of tool damage: the first type of damage is low-speed chipping; the second type of damage is crack-free fragmentation; the third type is high-speed damage [31] . Ten PCBN tools were used to study tool damage, five of which were used to study low-speed impact damage. The failure modes of PCBN tools at different cutting speeds are shown in Figure 16 . The main failure modes of PCBN tools in the process of cutting hardened steel at low speed were tool micro-chipping, and low-rate impact damage of the rake face and the flank face. The main failure modes of PCBN tools in the process of cutting hardened steel at high speed were flank wear and high-rate fatigue damage.
In the low-speed machining process of hardened steel, the rake face of the PCBN tool suffered micro-chipping, as shown in Figure 16a . When the tool rake face suffered micro-chipping, the extrusion effect of the tool on the machined surface increased, which led to a sharp increase in cutting temperature. Then, the chips were melted and adhered to the tool tip (as shown in Figure 17 ), which further led to the deterioration of the cutting position of the tool tip.
There were two main forms of low-rate impact damage of PCBN tools in the intermittent machining of hardened steel: (1) the conchoidal damage of the rake face (as shown in Figure 16b) ; (2) the larger damaged area of the flank face (as shown in Figure 16c ). The conchoidal damage of the rake face was mainly caused by the improper selection of feed and cutting depth at a small cutting speed. This form of damage was mainly caused by mechanical impact. The larger damaged area of the flank face was caused by the bending stress of the cutter, which was greater than the bending strength of the tool material itself [31] .
The wear mechanism of the flank was detailed in Section 3.5. PCBN tools can resist high-temperature wear at high speed. However, in intermittent machining, the tool was subjected to alternating thermal load and impact load, which led to fatigue crack of the tool after a certain period of stable cutting. The crack extension led to high-speed fatigue damage of the cutter, as shown in Figure 16e . In the low-speed machining process of hardened steel, the rake face of the PCBN tool suffered micro-chipping, as shown in Figure 16a . When the tool rake face suffered micro-chipping, the extrusion effect of the tool on the machined surface increased, which led to a sharp increase in cutting temperature. Then, the chips were melted and adhered to the tool tip (as shown in Figure 17 ), which further led to the deterioration of the cutting position of the tool tip.
